The Kepler light curves used to detect thousands of planetary candidates are susceptible to dilution due to blending with previously unknown nearby stars. With the automated laser adaptive optics instrument, Robo-AO, we have observed 620 nearby stars around 3857 planetary candidates host stars. Many of the nearby stars, however, are not bound to the KOI. In this paper, we quantify the association probability between each KOI and detected nearby stars through several methods. Galactic stellar models and the observed stellar density are used to estimate the number and properties of unbound stars. We estimate the spectral type and distance to 145 KOIs with nearby stars using multi-band observations from Robo-AO and Keck-AO. We find most nearby stars within 1 of a Kepler planetary candidate are likely bound, in agreement with past studies. We use likely bound stars as well as the precise stellar parameters from the California Kepler Survey to search for correlations between stellar binarity and planetary properties. No significant difference between the binarity fraction of single and multiple planet systems is found, and planet hosting stars follow similar binarity trends as field stars, many of which likely host their own non-aligned planets. We find that hot Jupiters are ∼4× more likely than other planets to reside in a binary star system. We correct the radius estimates of the planet candidates in characterized systems and find that for likely bound systems, the estimated planetary candidate radii will increase on average by a factor of 1.77, if either star is equally likely to host the planet. We find that the planetary radius gap is robust to the impact of dilution, and find an intriguing 95%-confidence discrepancy between the radius distribution of small planets in single and binary systems.
INTRODUCTION
The Kepler telescope detected over 4000 planetary candidates during its four-year primary mission (Borucki et al. , 2011a Batalha et al. 2013; Burke et al. 2014; Rowe et al. 2014; Coughlin et al. 2016; Mathur et al. 2017) . Each of these planet candidates (Kepler objects of interest, or KOIs) requires further ground-based, high-angular resolution observations to detect contaminating nearby stars that lie within the same photometric aperture as the planet candidate host star. The additional flux from these stars dilute the Kepler light curves and can lead to inaccurate host star characterization Santerne et al. 2013) and underestimated planetary radii (Morton & Johnson 2011) . Therefore, every Kepler planetary candidate must be validated with ground-based high-angular resolution observations.
A single comprehensive survey of every KOI on a large aperture telescope would necessitate an enormous time allocation due to the inefficiencies of a conventional highresolution instrument. Nevertheless, the community has contributed considerable effort to perform these vital observations (Howell et al. 2011; Adams et al. 2012 Adams et al. , 2013 Lillo-Box et al. 2012 Horch et al. 2012 Horch et al. , 2014 Marcy et al. 2014; Dressing et al. 2014; Gilliland et al. 2015; Wang et al. 2015a,b; Torres et al. 2015; Everett et al. 2015; Kraus et al. 2016; Furlan et al. 2017) . While many of these surveys were performed on large-aperture telescopes, sensitive to close (tens of mas separation) and faint (8-10 magnitudes fainter than the host star) nearby stars, any individual survey observed only a fraction of the total number of KOIs. In addition, the piecemeal approach resulted in redundant observations of a small set of KOIs (often the brightest targets). In total, less than half of the KOIs have been observed in high-resolution within these surveys.
Robo-AO, the first fully automated laser adaptive optics system, achieves an order-of-magnitude increase in timeefficiency compared to conventional high-resolution instruments. We are using Robo-AO to perform high-resolution imaging of every KOI system, sensitive to nearby stars at separations as close as 0. 15 and up to 6 mag fainter than the host star. The survey, covered in Law et al. (2014, hereafter Paper I) , Baranec et al. (2016, hereafter Paper II) , Ziegler et al. (2017, hereafter Paper III) , and Ziegler et al. (2018, hereafter Paper IV) , has observed 3857 KOIs to date, approximately 95% of the planetary candidates discovered with Kepler, and detected 620 nearby stars.
Previous studies suggest the presence of a stellar companion these systems will shape the properties of the planetary candidates (e.g., Katz et al. 2011; Naoz et al. 2012; Wang et al. 2014; Kraus et al. 2016) . For instance, we found lowsignificance evidence in Paper III that hot Jupiters are more likely to be found around KOIs with a nearby star, and that single and multiple transiting planet systems have similar nearby star fraction rates. Simulations (Horch et al. 2014) and observations Atkinson et al. 2017) of Kepler multiple star systems suggest, however, that a significant fraction of stars detected with Robo-AO at wide separations are unbound asterisms. The diluting effect of these unassociated nearby stars in our sample limit the ability to measure correlations between stellar binarity and the properties of the planetary systems. In this paper, we describe our analysis into the probability of association of individual systems with additional Robo-AO observations and survey simulations. The likely bound systems which host planet candidates are then used to search for insight into the effect binary stars have on the formation and evolution of planetary systems.
We begin in Section 2 by briefly describing the Robo-AO system and the Robo-AO and Keck-AO observations. We discuss the impact that stellar companions can have on the estimated planetary radii in Section 2.3. In Section 3, we describe the analysis used to estimate the spectral type and distances to the KOIs and their companions, then quantify the probability of physical association of multiple systems. We discuss the results of the nearby star characterization and the implications of binary systems on the Kepler planetary candidates in Section 4. We conclude in Section 5.
SURVEY OBSERVATIONS AND ANALYSIS
We use Robo-AO and Keck-AO to observe KOIs with detected nearby stars in multiple bands to estimate the spectral type and distance to each star. These properties allow us to quantify the probability of association between the primary and secondary components in each system.
Robo-AO
Observations in the survey were performed using the Robo-AO automated laser adaptive optics system at Palomar and Kitt Peak Jensen-Clem et al. 2018 ) that can efficiently perform large, high angular resolution surveys. The AO system runs at a loop rate of 1.2 kHz to correct high-order wavefront aberrations, delivering median Strehl ratios of 9% and 4% in the i -band at Palomar and Kitt Peak, respectively. Observations were taken in a long-pass filter cutting on at 600 nm (LP600 hereafter). The LP600 filter approximates the Kepler passband at redder wavelengths, while also suppressing blue wavelengths that reduce adaptive optics performance. The LP600 passband is compared to the Kepler passband in Figure 1 of Paper I. We obtained highangular-resolution images of 3313 KOIs with Robo-AO between 2012 July 16 and 2015 June 12 (UT) at the Palomar 1.5m telescope. We observed 532 additional KOIs with Robo-AO between 2016 June 8 and 2016 July 15 (UT) at the Kitt Peak 2.1m telescope.
Further follow-up observations in r , i , and z bands of 145 KOIs with nearby stars detected by Robo-AO in previous papers in the survey were performed between 2017 March 16 and 2017 June 08 (UT) at Kitt Peak by Robo-AO. These observations facilitate characterization of the nearby stars, and allow estimation of the association probability between the KOI and nearby star, described in Section 3.1. Photometry from these observations is available in Table 2. 2.2. Keck LGS-AO We observed 10 candidate multiple systems in J, H, and K with the NIRC2 camera behind the Keck-II laser guide star adaptive optics system van Dam et al. 2006 ), on 2017 Aug 8-10 (UT). These 10 multiple KOI systems were targeted due to uncertainty in association between the primary and secondary stars with only Robo-AO visible-band photometry. Typically, three 30 s exposures were taken in each band, for a total exposure time of 270 s. The images were corrected for geometric distortion using the NIRC2 distortion solution of Yelda et al. (2010) . The additional NIR photometry for multi-band observations with Keck are detailed in Table 2. 2.3. Data Reduction and Analysis With the largest adaptive optics dataset yet assembled by Robo-AO, the data reduction process was automated as much as possible for efficiency and consistency. As described in Paper IV, after initial pipeline reductions, the properties of the detected nearby stars were measured. Systems that have multi-band observations with Robo-AO are characterized as described in Section 3 to quantify the probability of association and correct the estimated planetary radius.
Updated Transiting Object Parameters
A nearby star in the same photometric aperture as the target star will dilute the observed transit depth, resulting in underestimated radius estimates. We re-derive the estimated planetary radius around the 145 systems re-observed with Kitt Peak for two scenarios: the planet orbits the target star or the planet orbits the secondary star, whether unbound or bound to the primary. For the first case, we use the relation from Paper I to correct for the transit dilution,
where R p,A is the corrected radius of the planet bound around the primary star, R p,0 is the original planetary radius estimate based on the diluted transit signal, and F A is the fraction of flux within the aperture from the primary star. For the case where the planet candidate is bound to the secondary star, we use the relation
where R B and R A are the stellar radii of the secondary and primary star, respectively. The fluxes of all observed sources within the Kepler aperture were summed to estimate the transit dilution. We derive stellar radius estimates with relations from Habets & Heintze (1981) using spectral types from the stellar characterization described in Section 3.1. Revised planetary radius estimates are detailed in Table 3 .
MEASURING THE PROBABILITY OF PHYSICAL ASSOCIATION
In this section, we use several methods to determine the association probability for multiple KOI systems. We first determine the spectral type and distance to stars in each system using multi-band photometry. We then use galactic stellar models to determine the properties of likely bound and unbound stars and estimate the number of unbound stars within our sample using the stellar density observed in Robo-AO images. Lastly, we use this analysis to correct the estimated radii of planetary candidates within these systems.
3.1. Photometric-Distance-Based Association Multi-band observations with an adaptive optics instrument can allow characterization of the stars detected near KOIs, giving estimates of the stars intrinsic brightness and approximate distances. If the distance estimates between the primary and a nearby star are in agreement, it is highly probable the two are in fact gravitationally bound.
We characterize the stars nearby 145 KOIs re-observed with Robo-AO, described in Section 2.1. We targeted stars with surface gravities consistent with dwarf stars: log g >3 and log g <5, as estimated by Mathur et al. (2017) . In addition to visible photometry from Robo-AO images, we used PANSTARRs g -band photometry (Chambers et al. 2016 ) for widely separated stars (typically ρ > 3 ) and extant NIR photometry from previous seeing limited and high-resolution surveys Kraus et al. 2016; Furlan et al. 2017) . Photometry of the blended systems was obtained from the stellar properties described in Mathur et al. (2017) .
To estimate the spectral types of the KOIs and nearby stars, we follow the analysis described in Atkinson et al. (2017) . A Gaussian distribution for each available photometric color is generated based on the measured or published errors. Distributions are corrected for extinction using the standard relations from Cardelli et al. (1989) . These distributions are then fit to SED models (Kraus & Hillenbrand 2007) , originally assembled from a heterogeneous set of models and data for an investigation of the Praesepe and Coma Berenices, to determine spectral type. We assume that all nearby stars lie on the main-sequence; we discuss possible background giant star contamination in Section 3.2.1. For each star, we use the intrinsic brightness of the estimated spectral type in each band compared to the observed apparent magnitudes of the star to estimate the distance to that star. The average of the estimated distances from all observed bands provides the final distance estimate. Distance uncertainties are derived from repeating the spectral fits and distance estimations using photometry in each band drawn at random from the respective Gaussian distribution. The final uncertainty is the standard deviation of the resulting distribution of distance estimates from 10,000 such fits.
The resulting best-fit spectral type and distance estimates, along with measured photometry, for the 145 KOIs and nearby stars are detailed in Table 2 . We combine these results with those of Atkinson et al. (2017) and Hirsch et al. (2017) to estimate the percent of nearby stars that are bound, displayed in Figure 1 . For results from this work and from Atkinson et al. (2017) , bound systems have uncertainties between the estimated distance of the primary and secondary star less than 2σ, uncertain have uncertainties between 2 and 3σ, and unbound have uncertainties greater than 3σ. The combined sam- Hirsch et al. (2017, H17) , and this work, described in Section 3.1. The percent of nearby stars that are bound in each 0. 2 bin is displayed along the bottom. Most stars within 1 of the KOI are bound, with wider separated stars more likely to be unbound.
ple supports the conclusion of Hirsch et al. (2017) and this work in Section 3.2 that most stars within 1 of the primary star are bound, with the percent of stars bound decreasing at wider separations.
Association Probabilities from Simulations
We can estimate the probability of association of a nearby star based on its separation and magnitude difference to the primary star using the TRILEGAL Galactic stellar model (Girardi et al. 2005) . Following a similar analysis to Horch et al. (2014) , we simulate star fields for ten one-square-degree star fields randomly distributed in the Kepler field of view. To match the distribution of stellar characteristics of the KOIs, we limit our sample to distances within 1300 pc, stellar effective temperatures between 3,000 and 10,000 K, and surface gravity (log g) between 3.3 and 4.7. The majority of KOIs are solar-type stars , thus binaries were populated at a companion rate of 46%, a fraction determined from observations for solar-types stars by Duquennoy & Mayor (1991) and Raghavan et al. (2010) . Orbital periods of the companion stars were drawn at random from the lognormal distribution from Duquennoy & Mayor (1991) . Eccentricities were also drawn from the distribution found in Duquennoy & Mayor (1991) . The semi-major axis of the orbit was determined from the stellar masses and period, and we select random values for the cosine of inclination (cosi), ascending node (Ω), the angle in the orbit between the line of nodes and the semi-major axis (ω), and the time of periastron passage. The companion stars are than placed at an angular distance from the primary using by converting the true orbital distance and the distance from the solar system to the stars.
We simulate the detectable systems with Robo-AO using our average image performance (see Section 3.5 of Paper IV) as a function of source brightness and a random variation caused by seeing. The properties (separation and contrast ratios) of the distribution of simulated nearby stars closely matches that of the observed nearby stars from Robo-AO observations. A simulated Kepler field, with the number of nearby stars plotted equivalent to the number detected in the full Robo-AO KOI survey, is displayed in Figure 2 . Using all ten simulated fields, we determine the probability of association for a given separation and contrast. This probability density map is displayed in Figure 3 , with observed nearby stars to KOIs from the Robo-AO survey overplotted.
The results of these simulations generally agree with the previous simulations by Horch et al. (2014) and evidence from Figure 2 . Simulated Robo-AO survey using Galactic stellar models, described in Section 3.2. Nearby stars that are bound are plotted in red, and unbound asterisms are plotted in black. Bound stars are likely to be found at small separations and near equal brightness to the target star. observations (displayed in Figure 1 ): most stars within 1 are expected to be bound, while wider separated companions with higher contrasts are likely unbound.
Expected Giant Star Contamination
It is conceivable that an unbound background giant star, observed near a KOI, has a distance estimate similar to the KOI resulting in a high probability of being bound. This is a result of our assumption that the background stars are dwarf stars. We estimate the number of expected giant stars being characterized as bound dwarf stars to the KOIs using the simulated Kepler fields, discussed in Section 3.2. We perform our stellar characterization analysis on the ten simulated fields, described in Section 3.1. We find a probability of approximately 20% that a single background giant star in the entire Robo-AO KOI survey will, if we assume it is a dwarf star, have an estimated probability of association with a planet host greater than 2σ in our analysis. We therefore expect the impact of background giant star contamination on results in this work to be negligible.
Galactic Latitude and Stellar Density
The location of the KOI within the Kepler field may also impact the likelihood that an unbound star will be observed nearby. The large set of full frame Robo-AO images of KOIs, with a field of view 44 square, allow us to measure the observed stellar density over a statistically significant section of the sky within the Kepler field of view. We counted stars within 2598 full-frame images, not including the target star or any stars within 4 of the target star, to determine the observed stellar density with Robo-AO as a function of Galactic coordinates. The typical depth of Robo-AO images, based on the image performance metrics described in Ziegler et al. (2018) , is 4-7 mag fainter than the KOI, equivalent to a V≈20 star. The simulations described in Section 3.2 suggest that the vast majority of stars outside 4 are unbound to the target star. The observed stellar densities from the full frame Robo-AO images of KOI targets as a function of Galactic latitude are shown in Figure 4 , with quadratic fitting line.
We find Pearson correlation coefficients (where a value of 0 signifies no linear correlation and a value or either 1 or -1 signifies total positive or negative linear correlation) of Galactic latitude and longitude to observed stellar densities of -0.53 and -0.03, respectively. This suggests that, as expected, Galactic latitude is the primary variable in estimating local stellar density. Indeed, the median Galactic latitude for KOIs with nearby stars is b=11.2, approximately a degree and a half closer to the Galactic disk compared the median latitude of all KOIs (b med =12.7), while the difference in median Galactic longitude for the two populations is negligible. Apart from a higher number of nearby unbound stars, KOIs with nearby stars may on average be found at lower Galactic latitudes due in part to higher intrinsic binarity rates of thick disk stars compared to thin disk stars (Chiba & Beers 2000; Grether & Lineweaver 2007) .
We use these stellar densities to then estimate the probability that an unbound star will, by chance, be within 4 of a KOI. We plot the KOIs with nearby stars observed in the Robo-AO survey in Figure 5 . We also plot the probability that an unbound star will be observed nearby (within 4 ) a KOI estimated from the quadratic fit to the observed stellar densities as a function of Galactic latitude. For the entire set of 3857 targets from the Robo-AO KOI survey, we would expect on average approximately 318 unbound stars to be observed within the same Kepler pixel (separations within 4 ) of the planetary hosts.
DISCOVERIES AND DISCUSSION
In this section, we delve further into the full set of observations from the Robo-AO KOI survey to further explore the implications of stellar multiplicity on the planetary candidates (Section 4.1), and search for insight into the role that multiple stellar bodies play on planetary formation and evolution (Section 4.2) 4.1. Implications for Kepler Planet Candidates When a close companion is detected near a KOI host star, there are several potential implications as, in general, it is not known which star is the source of the transit signal. If the planet does indeed transit the purported target star, the consequences may be relatively mild: the planet's radius will be slightly larger than had previously been thought-at most by a factor of √ 2 in the case of an equal-brightness companion . If the eclipsed star is a faint companion, however, the radius of the eclipsing object may be many times larger, potentially turning a small planet into a giant planet or a planet into a false-positive eclipsing binary star. In Paper IV, we found that for a scenario in which each planet is equally likely to be hosted by the primary or secondary star, the planetary radii will increase on average by a factor of 2.18. The large number of faint unassociated stars likely inflates this factor; for just systems with stars within 1 , the planetary radii will increase by a factor of 1.54.
The radii estimates of the primary stars in Paper IV were from Kepler stellar catalog (Mathur et al. 2017) . As the properties of most of the host stars in the Kepler stellar catalog are based on broad-band photometry assuming that they are single, the derived stellar radius of the primary star may well be incorrect if the system actually contains multiple stars. We estimated the radii of the secondary stars in Paper IV under the assumption that they were bound to the primary. We then used the stellar radius of an appropriately faint star (based on the visible-band contrast with respect to the primary) in the Dartmouth stellar models (Dotter et al. 2008) .
In this paper, we use multi-band photometry from the resolved systems to estimate the spectral type of 145 KOIs and nearby stars, as described in Section 3.1. We use the spectral types to estimate the stellar radius of each star, and correct the estimated radius of planets around those KOIs using the methodology detailed in Section 2.4. The corrected planetary radii are available in Table 3 .
We find radius correction factors for these 145 KOIs of 1.06, 4.65, and 2.86 for the scenarios in which all planets orbit the primary, all planets orbit the secondary, and planets are equally likely to orbit the primary and secondary, respectively. As discussed in Paper IV, the latter two scenarios are not likely due to the large number of unbound stars in our sample. Assuming the planets are equally likely to orbit these unbound stars results in a large number of gas giant planets, which are inherently rare in the galaxy (Howard et al. 2012 ). If we use just the likely bound stars (as determined in Section 3.1), the planetary radii will increase by factors of 1.08, 2.47, and 1.77 for the scenarios in which all planets orbit the primary, all planets orbit the secondary, and planets are equally likely to orbit the primary and secondary, respectively.
It is believed that the transition from a rocky planet to a planet with a large gaseous envelope begins relatively sharply at 1.6 R ⊕ (Rogers 2015) . In our set of 145 KOIs, we find 10 planet candidates, each initially believed to be rocky (R p,0 <1.6R ⊕ ), are likely not rocky, with corrected radii larger than 1.6 R ⊕ , whether orbiting either the primary or secondary star. All but two of these (KOI-2380.01 and KOI-4713.01) were previously determined to not be rocky regardless of host star in Paper IV. We also find that most (72 of 81) of the planetary candidates with initial radius estimates less than 1.6R ⊕ , consistent with rocky composition, would likely not be rocky if hosted by the secondary star.
Impact on the Planet Radius Gap
The California Kepler Survey (CKS) recently released updated stellar parameters several times more precise than those derived from photometry in the Kepler input catalog. Fulton et al. (2017) filtered the 2025 KOIs in the CKS sample to remove false positives, giant stars, lowimpact parameter planets, faint stars, long-period planets, and non-solar type stars, resulting in a set of 900 KOIs. Within this filtered set of KOIs, they detected a gap in the planetary radius distribution for planets with radii between 1.5 − 2.0R ⊕ . This gap has been interpreted as an "evaporation-valley" between a population of rocky super-Earths and a population of sub-Neptunes with thick atmospheric envelopes (Owen & Wu 2017) The depth of the radius gap can be quantified using the metric V A , derived in Fulton et al. (2017) , which is the ratio of the number of planets in the bottom of the gap (1.64-1.97 R ⊕ ) to the average number in the peaks immediately outside of the gap (1.22-1.44 R ⊕ and 2.16-2.62 R ⊕ ). Smaller values of V A denote a deeper gap. The filtered CKS sample without radius corrections has a gap depth of V A =0.483.
In the Robo-AO survey, we detected nearby stars to 168 of the 900 KOIs (18.7%) used in their analysis. We correct the radius of planets due to dilution from contaminating stars, Figure 6 . The radius distribution of planets using stellar parameters from the California Kepler Survey . In Panel (a), the planetary radius distribution after successive filters have been applied, revealing a gap in the radius distribution for small planets . Panels (b)-(d) show the distribution after radius corrections to account for dilution from nearby stars detected by Robo-AO, assuming that all planets orbit the primary star, all planets orbit the secondary star, and planets are equally likely to orbit the primary or secondary star, respectively. The original CKS distribution from Panel (a) is overplotted with a dashed blue line for comparison.
using the corrected radii listed in Table 3 for the 145 systems characterized in Section 3.1. For systems without multi-band photometry, the radius corrections from Paper IV were used. The resulting distributions are shown in Figure 6 . We find that, if all planets in systems with detected nearby stars orbit the primary star, the gap deepens slightly, with V A =0.463. If instead, all planets in multiple systems orbit the secondary star, the gap depth is reduced to V A =0.521. In perhaps the more likely scenario, where planets are equally likely to orbit the primary or secondary stars, the gap is slightly deeper than with the original radius estimates, at V A =0.468.
We can also compare the planetary radius distribution in systems with likely bound or unbound stars to the full CKS radius distribution, shown in Figure 7 . We find a significant fraction of the large planets in the CKS sample have detected Figure 7 . The full distribution of planetary radii ) from CKS is plotted in black, with the distribution from systems without detected nearby stars in purple. The radius distribution of the planets in systems with detected nearby stars that are likely bound and unbound are plotted in orange and green. Neither distribution has been corrected due to dilution from nearby stars.
nearby stars (see Section 4.2.2). We also find that the radius distributions of the set of all small planets (R p < 3.5R ⊕ ) and small planets in systems with nearby stars are statistically similar (p-value>0.85).
There is, however, a possible disparity in the radius distribution of planets in single and multiple star systems. For small planets in likely bound systems, no gap in the radius distribution is apparent. A Kolmogrov-Smirnov test reveals that the radius distributions (without dilution corrections) of the 781 small planets from the CKS sample in systems without nearby stars and small planets in systems with likely bound stars (44 planets, as determined in Section 3.1) are significantly dissimilar with 95% confidence (p-value of 0.04).
6 This may be a result of small-number statistics as there are few known binaries hosting small planets. This disparity could, however, be evidence of the impact companion stars have on the bimodal distribution of small planets. Robo-AO continues to characterize multiple KOI systems to determine boundness, and we will revisit this discussion in future papers.
Stellar Multiplicity and Kepler Planet Candidates
Combining the entire Robo-AO KOI survey, we detect 620 nearby stars around 569 planetary candidate hosts from 3857 targets, for an overall multiplicity fraction of 14.7%±0.6% within the detectability range of our survey (∼0. 15-4. 0, ∆m≤6). With this large dataset we continue our search that began in Paper I and was updated in Paper III for broadscale correlations between the observed stellar multiplicity and planetary candidate properties. Such correlations provide an avenue to constrain and test planet formation and evolution models.
In addition to using a data set nearly twice as large as in our previous analysis, our stellar characterization of the target and nearby stars and analysis of physical association probabilities, described in Section 3.1, allow us to attempt to remove the diluting impact of unbound nearby stars and strengthen any true correlation discovered. In addition, we use the improved stellar parameters from CKS to search for correlations in multiplicity and stellar properties such as metallicity and temperature, that were formerly not well constrained.
Unless noted, all stellar and planetary properties for the KOIs in this section were obtained from the cumulative planet candidate list at the NASA Exoplanet Archive 7 and have not been corrected for possible dilution due to the presence of nearby stars outside the Kepler input catalog. The planet catalog does not correct for dilution from stars detected from high-resolution imaging as these observations are typically only available for KOIs and could bias occurrence rate estimates (Thompson et al. 2018 ).
Stellar Multiplicity and Multiple-planet Systems Revisited
It is thought that the impact of a stellar companion to the planetary host star should perturb multiple planet systems, leading to fewer observed multiple transiting systems. Wang et al. (2014) and Picogna & Marzari (2015) suggests that perturbations from the companion star will change the mutual inclination of planets in the same system. Planets in nearby orbits are also expected to perturb each other (Rasio & Ford 1996; Wang et al. 2015a) , possibly leading to planets being ejected out of the system .
We searched for evidence of a disparity in stellar multiplicity between the two planetary populations in Paper I and Paper III. In Paper I, we found single-planet systems exhibiting a slightly higher nearby star fraction. With several times more targets used in the analysis in Paper III, we found a slightly higher nearby star fraction for the multiple-planet systems. Combining all KOI targets, we again find little difference between the two populations (displayed in panel a in Figure 8 ): a Fischer exact test gives 87% probability the two populations are drawn from the same distribution.
The full set of KOI targets is likely highly diluted, however, by false positive planets (Morton & Johnson 2011; Fressin et al. 2013 ) and unbound nearby stars (see Section 3.1). In determining whether a nearby star is bound or not, we first refer to the results of the photometric-distance estimates. If the result was of this analysis was uncertain, or if the system had not been observed yet, we weight the system using the probability of association as determined in Section 3.2, based on the separation and contrast of the star with respect to the primary star. We therefore perform cuts to the set of KOI targets, removing candidate planets, systems with nearby stars at greater than 2 separation, and likely unbound stars, in an attempt to reduce these effects, shown in Figure 8 . We find after all successive cuts, with confirmed planets with likely bound nearby stars, single-planet systems have slightly higher nearby star fraction rate than multiple-planet systems: 4.0%±0.6% and 3.0%±0.7%, respectively. A Fischer exact test gives two-thirds probability (66.5%) that the two populations are indeed disparate.
It is not clear if this low-significance result is evidence of the disturbing impact of stellar companions on planetary systems. Other factors may result in a higher than expect binarity fraction of multiple planet systems, however. Companion stars can cause orbital migration with Kozai oscillations (Fabrycky & Tremaine 2007) , shifting multiple planets in the same system to shorter periods where Kepler has higher sensitivity to transit events. Binary stars that form together also may have mutually inclined protoplanetary disks (Müller & Kley 2012) , leading to separate transiting planetary systems around each star. , and weight systems with nearby stars whose association has not been studied by the probability of association based on the separation of the nearby star from the primary star derived from observations (see Figure 1) . The number of systems with nearby stars remaining after each successive cut is annotated in the upper right corner of each panel. In panel (d), the weights of the systems with nearby stars without association determination were summed with the number of observed likely bound systems and rounded to the nearest whole number.
Stellar Multiplicity and Close-in Planets Revisited
It is hypothesized that the presence of a stellar companion will greatly influence the properties and architecture of planetary systems. Observational evidence suggests that planetary formation is suppressed in close binaries, resulting in a fifth of all solar type stars being unable to host planets because of stellar interactions (Kraus et al. 2016) . Perturbations from the nearby star are thought to drive planets that form at large separations inward to low-period orbits (Fabrycky & Tremaine 2007; Katz et al. 2011; Naoz et al. 2012) , with smaller planets more susceptible due to weak planet-planet dynamical cou-pling (Wang et al. 2015a) . Interactions between planets within the same system, often caused by orbital migration caused by stellar companions, are thought to eject small planets at a greater rate than giant planets ). We would expect then a correlation between binarity and planetary period for different sized planets.
In our analysis in Paper III, we found little evidence for a disparity in nearby star fraction for giant (R > 3.9 R ⊕ ) and small (R < 3.9 R ⊕ , Neptune radius) planets at short or long periods. With the combined data set of the Robo-AO KOI survey, we find a low-significance increase in nearby star fraction for giant planets at short periods compared to small planets (see panel a in Figure 9) .
We expect that our sample is heavily diluted, however, by false positive planets (hot Jupiters are expected to have a higher than average false positive rate Santerne et al. 2012) and unassociated nearby stars, as discussed in Section 3.1. We therefore remove contaminating systems in search of any possible underlying correlation. These cuts are as follows (resulting distributions are shown in Figure 9 ): remove nearby stars at separations greater than 2 , a region where most stars are highly likely to be unbound; remove unconfirmed planets; remove systems that have been shown to be likely unbound from observations (see Section 3.1), and weight systems whose probability of association has not been studied by the percent likelihood of being bound based on their separation from the host star, as determined from observations.
After successive cuts, we find that giant and small planets on 1-3 day orbits have a binarity rate of 12.8% +5.6% −2.8% and 2.4% +1.8% −0.9% 8 , respectively, a 2.6σ discrepancy. No other period range shows a significant difference in binarity rate between the two populations.
This result agrees with the NIR survey of Ngo et al. (2015) , that found hot Jupiter hosts are twice as likely as field stars to be found in multiple star systems, with a significance of 2.8σ. They, however, find that 51% of hot Jupiters are hosted by stars with stellar companions; the discrepancy in the binarity fractions found in the two surveys likely is a result of differing observational methods and limits. The binarity fraction for hot Jupiters in this work does agree with that found by Roell et al. (2012) of 12% using binary catalogues based primarily on seeing-limited observations.
Stellar Multiplicity Rates and Host-star Temperature Revisited
We found that KOIs follow the correlation between multiplicity and stellar mass and temperature observed in field stars (Duchêne & Kraus 2013) in Paper III. Many of these field stars likely host their own non-aligned planets. Restricting our sample to the likely bound nearby stars with separations less than 2. 0 (as discussed in Section 3.1), we find that the trend remains for the entire set of observations from the Robo-AO KOI survey, as seen in Figure 10 . The majority of stars in the CKS survey are solar-type, with effective stellar temperatures between 4500 and 6500 K. The trend relating multiplicity and effective temperature is expected to be negligible in that compact range of stellar temperatures, and indeed, no significant trend is apparent as seen in Figure 11 The relationship between stellar multiplicity and metallicity is not well understood. Early studies suggested that metal-poor stars possessed fewer stellar companions (Kopal 1959; Jaschek & Jaschek 1959; Batten 1973; Abt & Willmarth 1987) . A previous Robo-AO survey (Ziegler et al. 2015) found low-metallicity cool subdwarf stars had binary fractions ∼3× lower than similar solar-metallicity dwarf stars. More recent studies, however, have suggested that multiplicity rates decrease with metallicity (Carney et al. 1987 (Carney et al. , 1994 . In particular, Grether & Lineweaver (2007) found a ∼2σ anticorrelation between metallicity and companion stars. Planetary systems do seem to occur more frequently in metal-rich We can use the multiplicity fraction of planet candidate hosting stars as a function of metallicity to determine how these stars compare to field stars. For this analysis, we use the precise metallicity ([Fe/H]) estimates from the CKS ) which have typical uncertainties of 0.05 dex.
We may expect to see a correlation between metallicity and nearby star fraction rate in the full set of KOIs since our sample likely has a high number of unbound stars (see Section 3.1. A higher fraction of these nearby stars are from low Galactic latitudes where the observed stellar density is greater (see Section 3.3). Grether & Lineweaver (2007) found that stars at low b, citizens of the Galactic thick disk which have higher average metallicity (Ishigaki et al. 2012) , shows a ∼4 times higher binary fraction than halo stars.
For the set of all KOIs, the nearby star fraction within 4 visually appears to correlate slightly with metallicity, as shown in panel a in Figure 12 . A Fisher exact test suggests however with high probability (∼99%) that sub-and supersolar metallicity KOIs are similar populations, with nearby star fraction rates of 14.1%±1.7% and 14.1%±1.4%, respectively.
If we remove any systems with nearby stars at separations greater than 2 , which are likely to be unbound as discussed in Section 3.1, we find that the nearby star fraction rate slightly decreases as metallicity increases, shown in panel b of Figure 12 . With the decreased separation limit, sub-solar and super-solar metallicity KOIs have nearby star fraction rates of 7.7%±1.3% and 5.9%±0.9%, respectively; a Fisher exact test gives a 28% probability that the two populations are distinct.
Finally, when we limit the sample to confirmed planets, shown in panel c of Figure 12 , no significant trend is apparent between stellar binarity of planet hosting stars and stellar metallicity. Now, a Fischer exact tests suggests with 87% probability that sub-and super-solar are similar stellar populations, binarity rates of 5.4%±1.3% and 5.9%±1.2%, respectively.
CONCLUSION
Combining the data sets from the complete Robo-AO KOI survey, we found 630 nearby stars around 569 planetary candidate hosts, from a target list of 3857 KOIs, implying a nearby star fraction rate of 14.7%±0.6% within the Robo-AO detectability range (separations between ∼0. 15 and 4. 0 and ∆m≤6).
We used galactic stellar models and the observed stellar density to estimate the number and properties of unbound stars detected in the survey. We characterized the primary and nearby star in 145 KOI systems reobserved with Robo-AO in multiple visible bands. We quantified the probability of association for these systems, and derive corrected plane-tary radii for planetary candidates within these systems. With the sample in this work and previously published datasets, we find that most stars within 1 of a KOI are likely bound.
We corrected the estimated planetary radii for planets within the 145 reobserved systems. We found that the planetary radii in likely bound systems will increase on average by a factor of 1.77, if either star is equally likely to host the planet. We found that the gap detected in the radius distribution of small planets is robust to the impact of dilution. We also found a low-significance disparity between the radius distribution of small planets in single and binary systems.
We found that giant planets at low periods are several times more likely be found in systems with stellar companions than other planets. We found that single and multiple planet systems are equally likely to orbit in binary star systems. We found that KOIs follow trends observed in field stars with respect to the relationship between stellar multiplicity and stellar effective temperature and metallicity. We thank the observatory staff at Kitt Peak for their efforts to assist Robo-AO KP operations and are grateful to the Palomar Observatory staff for their support of Robo-AO on the 1.5-m telescope.
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